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Carbon-based  rechargeable  batteries 
have  gained  extensive  attention,  par¬ 
ticularly  after  the  commercialization 
of  the  Li-ion  battery  from  Sony  laboratories,1 
wherein  metallic  lithium  is  replaced  by  a  car¬ 
bon  host  structure  that  can  reversibly  absorb 
and  release  lithium  ions  at  low  electrochemi¬ 
cal  potentials.  There  have  been  several  efforts 
to  increase  the  energy  density  and  specific 
capacity  of  these  cells  by  using  many  types 
of  industrially  available  and  heat-treated 
carbons 2-5  Chemical  dopants  in  carbon  ma¬ 
terials  such  as  phosphorus,6-8  boron,9-11  and 
boron-nitrogen12,13  showed  a  substantial  in¬ 
crease  in  specific  capacity  relative  to  pure 
carbon  structures.  Several  research  at¬ 
tempts  focused  on  developing  carbon 
nanotubes  based  energy  storage/conver¬ 
sion  devices  are  still  under  development 
stage.14-20  All  the  graphitic  forms  of  car¬ 
bon  including  zero-dimensional  fullerenes, 
one-dimensional  carbon  nanotubes,  and 
three-dimensional  graphite  are  essentially 
derived  from  the  two-dimensional,  single 
atomic  layer,  graphene  structure.21  The  two- 
dimensional  graphene  has  been  consid¬ 
ered  as  a  potential  electrode  material  for  Li- 
ion  battery  applications,  primarily  due  to 
its  superior  electrical  conductivity,  high  sur¬ 
face  area,  and  a  broad  electrochemical 
window.22-25  Recent  reports  have  shown  it 
to  be  a  promising  electrode  material  for 
electrochemical  devices  such  as  Li-ion  bat¬ 
teries,  supercapacitors,  and  so  on.  Chemical 
reduction  of  graphite  oxide  resulting  in 
high  surface  area  (few  layer)  reduced  GO 
has  been  the  predominant  method  of  syn¬ 
thesis  of  graphene  electrodes  for  Li  battery 
applications.  After  the  synthesis  of  reduced 
GO  powder  an  additional  step  of  coating 
this  electrode  material  on  to  the  current  col¬ 
lector  is  required  for  thin  film  battery  fabri- 
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ABSTRACT  We  demonstrate  a  controlled  growth  of  nitrogen-doped  graphene  layers  by  liquid  precursor  based 
chemical  vapor  deposition  (CVD)  technique.  Nitrogen-doped  graphene  was  grown  directly  on  Cu  current  collectors 
and  studied  for  its  reversible  Li-ion  intercalation  properties.  Reversible  discharge  capacity  of  N-doped  graphene 
is  almost  double  compared  to  pristine  graphene  due  to  the  large  number  of  surface  defects  induced  due  to 
N-doping.  All  the  graphene  films  were  characterized  by  Raman  spectroscopy,  transmission  electron  microscopy, 
and  X-ray  photoemission  spectroscopy.  Direct  growth  of  active  electrode  material  on  current  collector  substrates 
makes  this  a  feasible  and  efficient  process  for  integration  into  current  battery  manufacture  technology. 
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cation.  The  weak  adherence  between  the 
electrode  and  current  collector  results  in  a 
poor  electron  transport  and  loss  of  electri¬ 
cal  contact  on  extended  cycling.  Hence, 
there  is  a  need  for  direct  fabrication  of 
graphene  electrode  materials  on  current 
collector  substrates.  The  atomically  thin  na¬ 
ture  and  high  surface  area  of  the  graphene 
electrodes  grown  directly  on  current  collec¬ 
tor  substrates  make  them  an  excellent 
choice  for  electrodes  in  Li-ion  high  power 
thin  film  batteries. 

Further,  nitrogen-  and  boron-doped 
graphene  structures  have  attracted  consid¬ 
erable  interest  in  the  field  of 
electronics.26-28  Like  other  doped  carbon 
forms,  nitrogen-doped  graphene  is  ex¬ 
pected  to  have  enhanced  Li-battery  proper¬ 
ties.13  Reports  on  the  synthesis  of  nitrogen- 
doped  graphene  are  very  scarce,  and  hence, 
developing  a  simple  method  to  synthesize 
N-doped  graphene  is  noteworthy.  Recently, 
we  were  successful  in  synthesizing  a  new 
form  of  2D  atomic  film  consisting  of  hybrid¬ 
ized  h-BN  and  C  by  a  chemical  vapor  depo¬ 
sition  technique.29  Hence,  it  is  of  fundamen¬ 
tal  interest  to  investigate  how  N-doping  in 
graphene  affects  Li  interaction  properties 
when  compared  to  pristine  graphene.  With 
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Figure  1 .  (A)  Schematic  representation  of  optimized  experimental  parameters  (temperature  profile,  liquid  and  gas  flow  rates, 
and  system  pressure)  for  the  growth  of  N-doped  graphene  films  on  Cu  foil.  (B)  Schematic  representation  of  the  N-doped 
graphene  layer.  The  gray  spheres  represent  carbon  atoms,  blue  spheres  represent  graphitic  N  atoms,  orange  spheres  repre¬ 
sent  pyridinic  N  atoms,  and  pink  spheres  represent  pyrrolic  N  atoms.  (C)  Optical  images  of  mono-layer,  double-layered, 
and  multi-layered  N-doped  graphene  films  transferred  on  Si/Si02  substrate.  (D)  High  resolution  TEM  images  of  three-layered 
N-doped  graphene. 
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this  motivation,  we  have  synthesized  pristine  and 
N-doped  graphene  materials  directly  on  large  copper 
current  collector  substrates  by  liquid  phase  chemical 
vapor  deposition  technique  and  studied  their  Li  interca¬ 
lation  properties.  Continuous,  few  layer,  nitrogen- 
doped  graphene  was  grown  on  25  pm  thick  Cu  foil  by 
chemical  vapor  deposition  technique  using  acetonitrile 
as  the  liquid  precursor. 

RESULTS  AND  DISCUSSION 

Figure  1 A  shows  the  schematic  representation  of  op¬ 
timized  experimental  parameters  (temperature  profile, 
precursor  and  ammonia  gas  flow  rates,  and  system 
pressure)  for  the  growth  of  N-doped  graphene.  The 
number  of  graphene  layers  was  controlled  by  adjust¬ 
ing  the  time  of  acetonitrile  flow  while  keeping  other 
parameters  constant.  Figure  1  B  is  the  schematic  rep¬ 
resentation  of  the  N-doped  graphene.  The  grey 
spheres  represent  carbon  atoms,  blue  spheres  repre¬ 
sent  graphitic  N  atoms,  orange  spheres  represent 
pyridinic  N  atoms  and  pink  spheres  represent  pyr¬ 
rolic  N  atoms.  Figure  1C  shows  the  optical  images  of 
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mono-layer,  double-layered,  and  multi-layered 
N-doped  graphene  on  Si/Si02  substrates.  The  opti¬ 
cal  image  clearly  indicates  that  the  film  looks  darker 
with  increase  in  number  of  graphene  layers.  Figure 
1  D  shows  high  resolution  TEM  images  of  three¬ 
layered  N-doped  graphene.  A  further  increase  of 
deposition  time  resulted  in  deposition  of  amorphous 
carbon  along  with  crystalline  graphene. 

Figure  2A  shows  the  Raman  spectra  of  few  layered 
N-doped  graphene  samples.  The  most  characteristic 
feature  of  graphene  is  the  presence  of  2D  band  in  the 
Raman  spectra.  As  seen  from  Figure  2A,  N-doped 
graphene  showed  a  sharp  2D  peak  at  2697  cnrr1  and 
tangential  mode  G-band  at  1 587  cm-1.  The  high  inten¬ 
sity  of  the  D-band  (around  1356  crrr1)  in  the  N-doped 
graphene  films  clearly  indicates  the  presence  of  defects 
in  the  graphene  layer;  these  defects  are  usually  gener¬ 
ated  during  nitrogen  doping.  The  Raman  spectra  of 
pristine  graphene  films  grown  using  hexane  vapors 
(shown  in  Supporting  Information,  Figure  SI)  clearly 
shows  that  the  intensity  of  D-band  is  much  less  com¬ 
pared  to  N-doped  graphene. 
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Figure  2.  (A)  Raman  spectra  of  the  N-doped  graphene  having  one  to  two  layers  in  it.  (B)  XPS  spectra  of  the  N-doped  graphene. 
(C)  XPS  CIs  spectrum,  which  can  be  split  in  to  three  Lorentzian  peaks  at  284.9,  285.5,  and  286.5  eV,  and  (D)  XPS  NIs  spec¬ 
trum  of  the  N-doped  graphene.  The  NIs  peak  can  be  split  into  three  Lorentzian  peaks  at  399.1,  401.2,  and  402.7  eV. 


To  confirm  N-doping  of  graphene,  X-ray  photoemis¬ 
sion  spectroscopy  (XPS)  studies  were  carried  out.  The 
survey  scan  spectrum  from  XPS  analysis  showed  the 
presence  of  the  principal  CIs,  01s,  and  NIs  core  levels, 
with  no  evidence  of  impurities  (Figure  2B),  and  an 
atomic  percentage  of  doped  nitrogen  to  be  about  9%. 
The  spectrum  was  corrected  for  any  background  signals 
using  the  Shirley  algorithm30  prior  to  curve  resolution. 
The  Cl  s  core  level  peak  can  be  resolved  into  three  com¬ 
ponents  centered  at  —284.9,  285.5,  and  286.5  eV  repre¬ 
sents  sp2C-sp2C,  N-sp2C  and  N-sp3C  bonds,  respectively 
(Figure  2C).  Similarly,  the  NIs  peak  can  also  be  resolved 
into  three  components  centered  at  399.1, 401.2,  and 
402.7  eV  representing  pyridinic,  pyrrolic,  and  graphitic 
type  of  N  atoms  doped  in  the  graphene  structure  (Fig¬ 
ure  2D).  Similarly,  XPS  spectra  of  pristine  graphene, 
shown  in  Supporting  Information,  Figure  S2,  clearly 
shows  the  presence  of  CIs  and  01s  core  levels  with  no 
trace  of  impurities. 

Figure  3  delineates  the  electrochemical  properties 
of  the  N-doped  graphene  films.  Figure  3A  shows  the  cy¬ 
clic  voltammogram  of  the  N-doped  graphene  elec¬ 
trode  conducted  at  a  scan  rate  of  0.1  mV  s_1  in  1  M  so¬ 
lution  of  LiPF6  in  1 :1  (v/v)  mixture  of  ethylene  carbonate 
(EC)  and  dimethyl  carbonate  (DMC)  as  an  electrolyte 
against  Li  as  counter  and  reference  electrode.  The  CV 
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measurement  of  the  N-doped  graphene  electrodes 
showed  that  lithium  could  reversibly  intercalate  and 
deintercalate  into  graphene  layers.  The  lithium  inser¬ 
tion  potential  is  quite  low,  which  is  very  close  to 
0  V  versus  the  Li+/Li  reference  electrode,  whereas  the 
potential  for  lithium  deintercalation  is  in  the  range  of 
0.2-0.3  V.  Figure  3B  shows  the  voltage  versus  specific 
capacity  plots  conducted  at  5  pVVcm2  between  3.2  and 
0.02  V  versus  Li/Li+.  The  first  discharge  curve  shows  a 
plateau  at  about  0.7  V.  This  discharge  plateau  can  be  at¬ 
tributed  to  the  formation  of  an  SEI  film  (solid  electro¬ 
lyte  interface)  on  the  surface  of  the  graphene,  which  is 
associated  with  electrolyte  decomposition  and  the  for¬ 
mation  of  lithium  organic  compounds 31,32  In  the  subse¬ 
quent  cycles,  this  discharge  plateau  disappeared.  A  re¬ 
versible  capacity  of  0.05  mAh/cm2  was  obtained  in  the 
subsequent  cycles.  The  first  cycle  showed  a  discharge 
capacity  of  around  0.25  mAh/cm2  and  loss  in  capacity 
was  observed  in  the  second  cycle  (—0.08  mAh/cm2)  due 
to  the  SEI  formation,  very  commonly  observed  in 
carbon-based  electrodes.  Voltage  versus  time  profiles 
for  the  first  10  cycles  are  shown  in  Supporting  Informa¬ 
tion,  Figure  S3. 

Finally,  a  comparison  study  of  the  cyclic  characteris¬ 
tics  of  the  N-doped  graphene  and  pristine  graphene 
was  conducted.  Both  N-doped  graphene  and  pristine 
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Figure  3.  Electrochemical  performance  of  N-doped  graphene 
films  grown  on  Cu  foil.  (A)  Cyclic  voltammograms  of 
N-doped  graphene  electrode  in  1  M  solution  of  LiPF6  in  1:1 
(v/v)  mixture  of  ethylene  carbonate  (EC)  and  dimethyl  car¬ 
bonate  (DMC)  as  the  electrolyte  with  Li  as  counter  and  refer¬ 
ence  electrode  (scan  rate:  0.1  mV  s_1);  (B)  Charge-discharge 
voltage  profiles  for  the  N-doped  graphene  electrode  cycled 
at  a  rate  of  5  pA/cm2  between  3.2  and  0.02  V  vs  Li/Li+. 


graphene  (Supporting  Information,  Figure  S4)  were 
cycled  at  5  pA/cm2  between  3.2  and  0.02  V  versus  Li/ 
Li+  for  50  cycles.  Figure  4A  shows  the  specific  capacity 
versus  cycle  number  plots  for  the  graphene  and  the 
N-doped  graphene.  Pristine  and  N-doped  graphene 
shows  reversible  discharge  capacities  of  0.05  and  0.03 
mAh/cm2,  respectively.  The  increase  in  the  reversible 
discharge  capacity  of  N-doped  graphene  over  pristine 
graphene  can  be  attributed  to  the  topological  defects 
induced  in  the  N-doped  graphene  electrode.  First,  a 
large  number  of  surface  defects  are  induced  onto  the 
graphene  films  by  N-doping,  which  leads  to  the  forma¬ 
tion  of  a  disordered  carbon  structure  that  further  en¬ 
hances  Li  intercalation  properties.33  As  observed  in  the 
XPS  data,  the  N-doped  graphene  also  has  a  high  per¬ 
centage  of  pyridinic  N  atoms  present  in  it.  The  pyridinic 
N  atoms  could  also  be  involved  in  the  improvement  of 
reversible  capacity  of  the  N-doped  graphene  electrode 
compared  to  the  pristine  graphene  electrode.34  Electri¬ 
cal  contact  between  the  electrode  and  current  collector 
plays  an  important  role  in  the  power  capability  of  the  Li- 
ion  battery.  Good  electrical  contact  between  the  elec¬ 
trode  and  current  collector  was  realized  by  the  direct 
growth  of  graphene  on  copper  foil.  Figure  4B  shows  the 
detailed  high  rate  cycling  results  for  the  N-doped 
graphene  electrode.  Galvanostatic  charge/discharge  ex- 


D 


^mano  VOL.  XXX  ■  NO.  XX  ■  REDDY  ET  AL. 


E 

o 

JZ 

< 

E 


£ 

u 

re 

o. 

re 


O 


0.27 
0.24 
0.21 
0.18 
0.15 
0.12 
0.09 
0.06 
0.03 
0.00 

0  5  10  15  20  25  30  35  40  45  50 

Cycle  number 


. *.....N.^.raphene 

Graphene 

_i — . — i — , — i — , — 1_ 


Figure  4.  Electrochemical  performance  of  graphene  films 
grown  on  Cu  foil,  galvanostatically  cycled  in  Li  half  cells. 

(A)  Variation  in  discharge  capacity  vs  cycle  number  for  the 
pristine  graphene  and  N-doped  graphene  cycled  at  a  rate  of 
5  p,A/cm2  between  3.2  and  0.02  V  vs  Li/Li+  in  1  M  solution 
of  LiPF6  in  1:1  (v/v)  mixture  of  ethylene  carbonate  (EC)  and 
dimethyl  carbonate  (DMC)  as  the  electrolyte.  (B)  Rate  capa¬ 
bility  studies  of  N-doped  graphene  films:  Discharge  capacity 
vs  cycle  number  at  various  current  rates  (1,  10,  50,  and 
100  p.A/cm2). 


periments  were  conducted  at  various  currents  to  inves¬ 
tigate  the  rate  capability  of  the  electrode  material. 
Stable  nominal  capacity  was  attained  at  a  current  rate 
of  1  |xA/cm2  corresponding  to  a  C-rate  of  C/60.  Subse¬ 
quent  cycles  were  cycled  at  higher  current  rates,  as 
shown  in  Figure  4B.  Even  at  very  high  current  rates  of 
operation,  such  as  100  pA/cm2,  excellent  capacity  re¬ 
tention  of  60%  of  the  nominal  capacity  was  observed. 
On  returning  to  the  low  current  rate  of  1  pA/cm2,  the 
nominal  capacity  (—0.06  mAh/cm2)  is  comparable  with 
previously  reported  values  of  carbon-based  thin  film 
electrodes.35  The  results  of  high  rate  electrochemical 
studies  prove  that  the  N-doped  graphene  electrode 
could  be  used  as  an  excellent  high  rate  electrode.  The 
direct  contact  between  the  N-doped  graphene  elec¬ 
trode  and  the  current  collector  leads  to  reduced  elec¬ 
tronic  resistance,  hence,  resulting  in  a  high  electrode 
rate  capability. 


CONCLUSIONS 

Our  results  here  throw  new  insights  into  the  Li  interca¬ 
lation  into  N-doped  carbon  nanaostructures.  We  have 
demonstrated  enhanced  Li-ion  intercalation  in  pristine 
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graphene  electrode  by  inducing  surface  defects  and  in¬ 
troducing  pyridinic  N  atoms  into  the  graphene  structure. 
These  results  agree  well  with  previous  theoretical  predic¬ 
tions  of  the  improved  Li-ion  intercalation  for  pyridinic  N 
atom  doped  carbon  nanotubes.  Reversible  discharge  ca¬ 
pacity  of  N-doped  graphene  is  almost  double  compared 
to  pristine  graphene  due  to  the  large  number  of  surface 
defects  induced  due  to  N-doping.  Our  unique  liquid  pre¬ 


cursor  based  synthesis  also  ensures  the  fabrication  of 
N-doped  graphene  films  with  a  high  percentage  of  pyri¬ 
dinic  N  atoms  responsible  for  the  enhanced  Li-ion  interca¬ 
lation  properties.  Direct  growth  on  current  collector  sub¬ 
strates  makes  this  a  feasible  process  to  integrate  into 
current  battery  manufacture  technology.  The  high  perfor¬ 
mance  N-doped  graphene  electrodes  could  find  vast  ap¬ 
plication  in  flexible  thin  film  batteries. 


EXPERIMENTAL  SECTION 

One  to  few  layers  of  both  pristine  graphene  and  N-doped 
graphene  films  on  Cu  substrate  were  synthesized  by  chemical 
vapor  deposition  technique  using  hexane  and  acetonitrile  pre¬ 
cursors,  respectively.  Initially,  Cu  foil  was  loaded  in  Quartz  tube 
of  a  CVD  furnace  and  evacuated  to  a  base  pressure  of  10~2  Torr. 
The  furnace  was  then  heated  to  950  °C,  while  flowing  Ar/H2  and 
maintaining  a  pressure  of  5  Torr.  Once  the  desired  temperature 
is  reached,  Ar/H2  gas  was  stopped  and  acetonitrile  vapors  were 
passed  while  maintaining  the  tube  pressure  at  500  mTorr.  The 
duration  of  vapors  correlates  to  the  number  of  desired  graphene 
layers.  A  total  of  3-15  min  of  vapor  flow  would  typically  result 
in  1  or  few  layer  graphene.  The  furnace  is  then  cooled  to  room 
temperature  with  a  flow  of  ammonia  gas.  As-grown  nitrogen- 
doped  graphene  films  on  the  Cu  foil  were  used  for  all  electro¬ 
chemical  studies.  For  the  synthesis  of  pristine  graphene  films,  all 
the  above  parameters  were  kept  constant  except  liquid  precur¬ 
sor  and  cooling  gas.  Hexane  was  used  as  the  liquid  precursor 
while  the  cooling  gas  was  Ar/H2.  For  structural  and  morphologi¬ 
cal  characterization,  the  graphene  films  were  transferred  on  to 
other  substrates.  The  graphene  film  on  the  copper  foil  was 
coated  with  poly  methyl  methacrylate  (PMMA)  and  then  floated 
in  dilute  HN03.  After  Cu  was  dissolved,  the  PMMA  graphene  film 
was  lifted  from  the  solution  on  to  other  substrates  such  as  Si02/Si 
or  ITO.  The  PMMA  was  later  dissolved  with  acetone  and  washed 
off  with  iso-propanal  alcohol  (IPA). 

Morphological  and  elemental  analysis  of  N-doped  graphene 
films  were  carried  out  using  a  transmission  electron  microscope 
(JEOL  2010  at  100  kV)  by  transferring  graphene  and  N-doped 
graphene  samples  on  to  copper  grids.  X-ray  photoemission  spec¬ 
troscopy  (XPS)  studies  were  carried  out  with  a  spectrophotome¬ 
ter  (PHI  Quantera  SXM)  using  the  monochromatic  Al  K,  radiation 
(1 486.6  eV).  Vibrational  properties  of  N-doped  graphene  samples 
were  analyzed  using  Renishaw  Raman  spectrometer  by  exciting 
a  514.5  nm  Ar-ion  laser.  Electrochemical  measurements  were 
performed  in  a  Swagelok-type  cell  using  ARBIN  BT  2010  Battery 
Analyzer.  For  the  half  cell  measurements,  an  electrochemical  test 
cell  was  assembled  in  argon-filled  glovebox  using  the  graphene/ 
N-doped  graphene  as  working  electrode,  lithium  metal  foil  as 
the  counter/reference  electrode  and  1  M  solution  of  LiPF6  in  1:1 
(v/v)  mixture  of  ethylene  carbonate  (EC)  and  dimethyl  carbonate 
(DMC). 
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